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Magnetic moments

Dirac
point particle: µΒ = qħ/(2mc)  

electron: µe = gsµΒ = g(1/2)µΒ;     g = 2

Experiment

electron:      µ =   qħ/(2mc) x 1.002;  (g = 2.004)

proton         µ =   2.793 µN = qħ/(2mpc) x 2.793

neutron       µ =  - 1.913 µN = qħ/(2mnc) x ∞



 
 
 
Scattering from point (heavy) nucleus (Rutherford): 
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                        where  q = pi – pf = 2psinθ/2 (elastic scattering) 
 
 
extended nucleus: 
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                        F = form factor 
                         
                           = 1 – (1/6)q2 <r2> + … 
 
 
 
Electron (s = ½) scattering from point nucleus: 
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Rosenbluth separation 
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                       ε = virtual polarization parameter 
                      

                          01)( 22 →→≡ QasQGG EE  
 

                      0)( 22 →→≡ QasQGG pmM µ  
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Form factors (old Rosenbluth)
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Rosenbluth separation 
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            ε = virtual polarization parameter 
                      

            01)( 22 →→≡ QasQGG EE  
 

           0)( 22 →→≡ QasQGG pmM µ  
 
 
       



When longitudinally polarized electrons scatter from unpolarized protons polarization is 
transferred to the recoil proton with: 
 

and 

  
 
where   Pt = proton polarization in the plane of the reaction perpendicular to the proton  

                     momentum   

             Pl = proton polarization parallel to the proton momentum  
 
 
 
 Jefferson Lab experiments E93-027 and E99-007 measured Pt/Pl to determine :     
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 Xiaochao Zheng  Argonne simulations 

  



 
 
 

Reducing uncertainties 
 
 

1. Better facility. 

2. Concentrated on (GE/GM) 

3. Detected protons (not electrons). 

4. Luminosity monitor. 
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Q2 = 2.64
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particle momentum (Q^2 = 2.64)
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sensitivty to angle (Q^2 = 2.64)
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sensitivity to incident energy (Q2 = 2.64)
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(lab) cross section (Q^2 = 2.64)
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Radiative  corrections (Q2 = 2.64)
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         Radiative Corrections  Q2 = 2.64

                      protons  electrons  (to π threshold) 
ε Monte Carlo Andrei A Monte Carlo Andrei A

0.117 1.178 1.113 1.030 1.075

0.356 1.160 1.107 1.081 1.099

0.597 1.134 1.098 1.124 1.135

0.782 1.121 1.087 1.168 1.163

0.865 1.105 1.078 1.197 1.190

   ∆  ε=1 /ε=0 -0 .080 -0.040 0.215 0.142



0.00

0.20

0.40

0.60

0.80

1.00

0.00 1.00 2.00 3.00 4.00 5.00 6.00
Q^2

ep
si

lo
n

Ee = 4.702
Ee = 1.912



0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00

0.00 1.00 2.00 3.00 4.00 5.00 6.00
Q^2

ep
si

lo
n

Ee = 4.702
Ee = 3.772
Ee = 2.842
Ee = 2.262
Ee = 1.912





Ee = 2.262 GeV  θp = 12.526 deg  Q2 = 3.20
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Spectrum Components

e-p→e-p physics

reactions  in end caps, primarily take data with empty (dummy) target

quasi-elastic scattering

γp→π0p simulate with bremsstrahlung spectrum, 

s-7 cross section dependence -

some data available  

γp → γp (“Compton”) ~2% of π0 production – some data available
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Ee =4.702 GeV  θp = 34.139 deg  Q2 = 3.20 
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sensitivity of proton momentum to proton angle

0.00
10.00
20.00
30.00
40.00
50.00
60.00
70.00
80.00

0.000 0.200 0.400 0.600 0.800 1.000

ε

M
eV

/d
eg

re
e









0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00

0.00 1.00 2.00 3.00 4.00 5.00 6.00
Q^2

ep
si

lo
n

Ee = 4.702
Ee = 3.772
Ee = 2.842
Ee = 2.262
Ee = 1.912



Q2 = 4.10  ε  = .160
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Sensitivity of cross section to 
proton angle (%/degree)

EE\Q 2̂ 0.500 2.640 3.200 4.100

1.912 17.403 5.023

2.262 18.573 9.449 5.559

2.842 19.999 13.393 11.302 6.533

3.772 21.504 16.679 15.577 13.409

4.702 22.490 18.492 17.818 16.541





Angles in degrees

pointing survey difference
angle angle

22.170 22.155 0.015
12.692 12.674 0.018
28.384 28.368 0.016
12.642 12.624 0.018
23.670 23.652 0.017



Ee = 2.842 Q2=0.500
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Ee = 1.912 Q2 = 0.50
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Ee = 4.702 Q2 = 0.500
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Q2=0.500 (luminosity monitor)
incident ratio
electron peak to
energy simulation

1.912 0.962
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L-T experiments
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• Rosenbluth experiments are wrong.

• Polarization transfer experiment is wrong.

• Data are being misinterpreted.



Possible checks on polarization 
transfer experiments

• Continuation of Hall A experiments in Hall 
C with a different magnet and new 
polarimeter.  Approved.  Runs in 2006.

• Scatter longitudinally polarized electrons 
from polarized protons.

• Measure transverse polarization transfer in 
scattering longitudinally polarized electrons 
from unpolarized protons.
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When longitudinally polarized electrons scatter from unpolarized protons polarization is 
transferred to the recoil proton with: 
 

and 

  
 
where   Pt = proton polarization in the plane of the reaction perpendicular to the proton  

                     momentum   

             Pl = proton polarization parallel to the proton momentum  
 
 
 
 Jefferson Lab experiments E93-027 and E99-007 measured Pt/Pl to determine :     
  

               

22

2
tan)1(2

ME

ME

t

GG

GG
P

ε
τ

θττ

+

+
=

)(
2

tan)1()(

22

22
'

MEp

Mee

l

GGm

GEE
P

ε
τ

θττ

+

++
=

p

ee

l

t

M

E

m

EE

P
P

G
G

2

)
2

tan()( '
θ

+
=



Manifestations of two-photon exchange

• non-linearity in Rosenbluth plot
• epsilon dependence in polarization transfer
• induced normal polarization in unpolarized

e-p scattering
• e-p and e+p cross sections unequal
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2-photon correction
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Conclusions
• Super-Rosenbluth experiment verifies 

previous Rosenbluth data on proton form 
factors

• Polarization transfer and Rosenbluth
separation give divergent proton electric 
form factors for Q2>~1.5 (GeV)2.

• Calculations (very difficult) say two-photon 
exchange corrections may resolve 
discrepancy.  Experiments in planning 
stage.
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